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ISOTHERItfAL  SINTERINa  OP  METALLIC 

POV/BERS  UNDER  PRESSURE 

-  OSSK  - 

[[ Following  is  a  translation  of  an  article  by 
M.  Yu.  Bal’ahin  and  A.  A.  Trofimova  in  the 
Russian  language  periodical  Izvestiya  Akademii 
Nauk  SSSR,  Otdelehiye  Tekhnicheskikh  Nauk, 

Metallurgiya  i  Toplivo(News  of  the  Academy  of 
Sciences,  USSR,  Department ' of  Technical  Sciences, 

Metallurgy  and  puel),  No  6,  Moscow,  Nov/Deo 
1961,  pages  45-51.1 


This  report  deals  with  sintering  under  pressure 
of  pov/dered  copper,  nickel  and  iron  of  varying  fine¬ 
nesses.  The  sintering  was  done  in  a  fecial  dilatom- ' 
eter  with  graphite  press-forma,  at  several  tempera¬ 
tures  and  under  pressures  from  two  to  ,64  kg/sq  cm'. 
Pressure  y/as  applied  on  reaching  a  required  level 
of  temperature,  heating  rate  being  about  12  deg/min. 
Duration  of  isothermal  treatment  was  256  minutes, 
with  recordings  of’  change  in  samrole  size  being  made 
at  intervals  of  1,2,4,8,16,32,64,128  and  256  minutes. 
Sintering  and  cooling  took  place  in  a  hydrogen  at¬ 
mosphere. 


During  sintering  under  pressure,  a  powder  con¬ 
glomerate  contracts  both  from  relative  displacement 
or  slipping  of  the  particles(interparticle  deformation) 
and  from  irreversible  deformation  of  the  particles  them¬ 
selves  (intraparticle  deformation)  (a).  Tests  have  shown 
that  both  these  types  of  deformation  take  place  within 
the  first  few  minutes  of  sintering.  j 
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Jilzpe  r i «)  e  'n t  s  BX& 
copper  pov'/ders, 


■...Gpecial.lj'  eoaclusivt;  v/hert  sintex'-irg 
oucaired  from  sciidifioatlori  of  fuBed 


copper  cable  having  particles  of  true  sphe'-ical  form, 
rjnder  contraction  froia  i.ptex'particle  shifting  alone, 
contact  between  particles  of  these  powders:  can  occur 
only  at  discrete;  points;  foi-mation  o;!"  largo  flat  con¬ 
tact  areas  can  then  occur  only  because  of  irreversible 
defo:rmation  in  the  individual  particjcs. 

For  example,  coarse  powdered  copper  of  spherical 
partiole  form  (0.04-0.063  aaa)  was  heated  at  a  preasure 
of  32  kg/sq,  cm  to  950^^  in  approxiiaately  one  minute. 
Microphotogx’aphs  of  samplee  (Fig.  1)  show  in  b,  substan-- 
tlB.l  mnuber  of  particles  the  flat  conteot  areas  that 
are  formed  by  intraparticle  ' deforma tion.  At  the  same 


many  contacts  fire  seen  to  be*  of  a  polnt-co,atao1; 
nature,  which  verifies  the  simultaneous  occurrence  of 


i nterparticle  shifting. 
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Figvu-e  1.  Mlcrophotogr-apb*  of  g2»»i'«l8it.24  coj^par^  alatersd  at 
950  under  pS  Kg/»Sl  «*  for  oria  akla'Ate.  a*a!0C^_,  bwJiOOX 
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It  ic.ust  be  emphasized -tiiat  upon  sintfeT-lng,  the 
porosity  does  not  decrease  to  the  maximum  density  value 
for  spherical  par-tides  (25^),  -but  only  to  33fa>  In  prin-- 
ciple  sxich.  a  degree  of  contraction  could  be  achieved 


due  to  interparticle  deformation  alone;  however  in  this 
case  irreversible  intraparti cle  deformation  also  did 


occirr, 

Iri'-eversible  intrsxiartiole  deformation  in  the  vi¬ 


cinity  of  the  contact  area  may  occur  from  plastic  dc-for- 
matxcn  or  from  flov/  (creep)  of  the  particle  mass  —  or 
from  a  combination  of  both  these  processes.  Pilot  tes'fcs 
in  stxxdying  the  kinetics  of  change  in  an  individual 
contact  during  heating  under  constant  pressure  (b)  have 
shoym  that  it  is  dsformied  due  to  both  plastic  deforma¬ 
tion  and  creep.  In  this  case  the  plastic  deformation 
was  essentis-lly  already  completed  within  the  first 
minute  of  the  test,  with  creep  deformation  then  taking 
place  during  later  intervals. 

It  y/aa  noted  in  (b)  that  in  the  initial  stages  of 
sin'tering  plastic  deformation  is  uixavoidable,  since 
where  contact  area*  approaches  zero,  contact  pressui^e 


approac.hes  infinity,  and  in  any  case  exceeds  the  cri¬ 
tical  pressure  level  Sj,  e,t  which  plastic  deformation 
begins;  trms  in  any  event,  coritac'i;  areas  during  the 
first  minute  of  heat  and  pressure  application  are 
formed  as  a  result  of  Irreversible  plastic  deformation 
of  the  contacting  ^articles.  During  the  second  to  the 
I'ourth  minutes,  with  coxotact  area  loading  now  less  than 
S-.  .  irreversible  deformation  continues  due  to  oreeu. 
Mary  other  researchers  suggest  that  d'.Ting  s-mtering 
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not  only  contixj.uouf3  flow  of  p.aterial  "but  also  plastic 
deformation  takes  place  (c,d). 

As  Table  1  allows,  a  large  percentage  of  the  total 
volumetric  change  in  the  granular  mass  occurs  in  the 
first  minute  of  sintering,  during  the  time  of  plastic 
deformation;  the  percentage  rises  with  increased  pres¬ 
sure  . 


Table  1 

Sintering  of  electrolytic  copper 
at  900°: ratio  of  volume  change  in 
first  minute  to  total  change  in 
256  minutes,  as  a  function  of 
pressure. 


Preesui'e, 

(4v)r 

kg/sq.  cm 

8 

25 

16 

46 

32 

5  4 

64 

68 

One  means  of  detenaisxing  instantaneous  rat”}  of 
volume  contraction,  dr/dt,  in  the  initial  moment,  was 
by  graphical  differentiation,  using  the  tangent  to  the  • 
v-t  curves  at  the  appropriate  point  and  taking  v  as 
the  relative  volume.  In  this  case, 


r'  "  ’~i 

av/at  =  ^  (1) 

Y ' /t  ' 

Where  0  ie  the  angle  between  the  tangential  line  and  the 
abscissa,  v‘/t'  is  the  scale  factor  for  v  and  t  as  cho¬ 
sen  for  the  graph,  and  dv/dt  is  the-  rate  of  contraction 
of  the  relative  vcltnae  of  the  granulated  mass.  (Note- 
the  (quantity  dv/di  is  proportional  to  the  instantaneous 
rate  of  contraction  dv/v^dt,  v/here  is  Initial  rela¬ 
tive  volume  of  the  granular  mass  but  is  constant  for  a 
given  material,  not  depending  on  pressure  or  tempera¬ 
ture  ) . 

The  rate  dv/dt  decreases  in  approximately  inverse 
proportion  to  time.  As  an  example,  let  the  scale  factor 
v'/t*  be  such  that  for  (dv/dt at  the  end  of  the  first 
minute,  tan  0  «  1.  Also  let 

(dv/dt  = 

(dv/dt)ioo- 

(dv/dt j^QQ^ 


(dv/dt at  the  50th  min. 
- 

(av/dt)^  at  the  100th  min.' 

- 

at  the  200th  min. 


Then  the  tangent  yalues  are  respectively  0.02,  0.01 
and  0.005;  for  the  chosen  scale  the  graphically  found 
values  of  tan  0  at  50,  100  and  200  minutes  practically 
coincide,  even  though  the  rates  (dv/dt)  are  seen  to  be 
in  a  4!2.'1  ratio.  If  the  scale  factor  v'/'t'  in  the  last 
portions  of  the  v  -  t  c’crve  be  increased  by  100  times 
jrelative  to  the  initial  portions,  then  tan  0  becomes 
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r  ^ .  n 

1  and  0.5  respectively  far  the  50»  l6o  ahd  200  ‘ 

minute  times  and .dv/dt  can  he  found  graphically  with 
sufficient  accuracy. 

The  graphical  error  in.  determining  tan  Q  (or 
cot  Q)  is  jfO.02-0.03,  with  adeq,uately  oh;jective  drawing 
of  the  tangent.  Por’tan  0  =  1,  error  is  also  2-35^;  for 
tan  0  =  0.5  or  2,  4-6^,  and  for  tan  0  =  0.2  or  5  the 
error  is  as  high  as  10-15?S„  Thus  the  graphical  method  is 
accurate  enough  only  when  using  a  scale  factor'  for  which 
tan  Q  lies  between  0.05  and  2.  Sven  in  this  case,  the 
method  is  very  laborious  and  does  not  exclude  the  possi¬ 
bility  of  appreciable  subjective  error. 

A  less  laboripUB  method  and ‘one  that  is  free  of 
subjective  error  is  the  calculation  of  instantaneous 
rate  dv/dt  fro'm  the  mean  contraction  rate  Av/At  in  the 
time  .interval  tatg—t^.  According  to  Lagrange's  Theorem, 

AvAt  =  (dv/dt  (2) 

where  (dv/dt  is  the  instantan.eous  rate  at  the  moment 
t^,  taken  in  the  interval  tg-t^. 

In  ordinary  sintering  (e)  and  also,  as  our  results 
showed,  in  sintering  under  pressure,  the  kinetics  of  con-  * 
traction  in  a  fino  powder  are  adequately  expressed  by 
the  equations 

dv/dt  =  1/mt  (3) 

-i''  -  (3a) 

m 
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>/ 


Iwher-e  a  is  a  oonsLant.  (Note-*  the  minus  sign  has  'been 
omitted  from  dv  and  Av, )  After  substituting  values  of 
dv/dt  and  m  from  equations  (3)  and  {3a)  Into  (2)  we  get 


(dv/dt)^ 


A  V 


~  AvAt 


ttien 


In  the  event, 


'X 


as  in 


At 

22^  r-MWMmanrr  t> 

Iri(t2/t2) 

this  case,  that  tg/t 


(4) 

1  ^ 


At 

i^nFjTqr 


=rl.44t3_ 


(5) 


For  a  less  rapid  dropoff  of  contraction  rate 
v/ith  time  than  in  (3),  which  would  be  the  case  for 
coarse  gi'anules,  for  t^/t^  2  w'e  have  ' 

Cl  >X 


1.44tj  t^  * 


(6) 


Analysis  shows  that  in  these  cases  for  determi¬ 
nation  of  (dv/dt^)  using  the  1.44t^  value  in  (4)  and 
(5)  yields  a  somewhat  low  value,  with  an  error  not 
worse  than  A-f>.  Conversely,  our  studies  have  shown  that 
for  faster  dropoff  of  contraction  rate  than  given  by 
(3),  calculations  from  (4)  and  (5)  give  a  slightly 
high  value,  with  error  again  less  than  4%.  Comparing 
results  from  both  the  graphical  and  analytical  deter¬ 
mination  of  instantaneous  contract j on  rate,  the  latter 
is  preferable,  using  equations  (4)  and  (5). 
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According  to  Williams  (o),  the  rate  of  voliime 
contraction  under  pressure  sintering  tfikes  on  a  oons- 
tant  value  with  time.  This  view  is  erroneous,  hased  an 
the  above  described  drop  in  accuracy  in  graphical  de - 
termination  of  dv/dt  when- using  identical  scales  for  the 
initial  and  final  portions  of  the  carve;  and  it  is  not 
borne  -  out  by  Willlai'as*  own  data.  According  to  our  data, 
a  continuous  decrease  in  contraction  rate  dv/dt  occnire 
with  time  —  see  Pig.  2  and  Table  2. 


Figure  2.  Dependence  of  powder  contraction 
rate  on  sintering  time,  for  %'-arious 
pressures.  Ciarve  -numbers  are  pressures, 
kg/sq.  cm. 

a  -  electrolytically  deposited  Cu,. 

temperature  -  700® 
b  -  fi->-ie  nickel  carbonyl,  950® 
c  -  jet-powdered  iron (under  90 
mici'ons),  860® 
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Table  2 


Materia: 


Copper 


Niokel 


Iron 


Change  in  contraction  rate  dv/dt 
with  time  in  iaothemial  pressure 
sintering  of  electrolytically 
deposited  copper,  nickel  carbonyl 
and  jet-powdered  iron. 


aranule , 
microns 

m 

■^Bint» 

P.: 

kg/aq.  cm 

to  5 

700 

40.0 

4 

45.0 

8 

80.0 

♦ 

16 

100.0 

32 

180.0 

64 

160.0 

■  to  5 

950 

4 

12.00 

8 

108.00 

■  16 

115.00  ' 

•  35 

170. 00  . 

to  90 

860 

32 

99.52 

16 

60.00 

8 

37.52 

4 

34.28 

to  90 

960 

32 

29.50 

. 

22.95 

8 

21.88 

4 

13.55 

150-^50 

860 

32 

75.50 

16 

49.32 

8 

42.20 

4 

24.80 

In  Pig.  3  is  shown  the  variation  in  relative 
density  0  of  the  powdered  materials  with  time  of  iso¬ 
thermal  sintering  treatment.  The'se  graphs  show  the 
impossibility  of  drawing  a  straight  line  through  any 
three  points  of  a  curve;  thus  intervals,  with  a  linear 
relationship  of  0  to  t  are  lacking  —  that  is,  por¬ 
tions  with  constant  contraction  rate  d0/dt. (Note- the 
impression  that  the  curves  of  Pig.  3  attain  a  linear 
character  after  a  long  time  is  false,  based  on  the 
previously  cited  decrease  in  accuracy  in  determining 
tan  Q  when  using  the  same  scale  for  drawing  all  the 
portions  of  the  curve). 


Pigiire  3.  Powder  density  vs.  sintering 
time  at  various  pressures. 

Curve  mombers  are  pressures, 
kg/eq,  cm. 

a-elsctr.  deposited  Cu,  700° 
.  b-fine  nickel  carbonyl,  950° 
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'  .For  fine  pov/ders,  espacially  under  sufficiently 

heavy  pressiJires,  contracti orx  varies  in  aliaost  inverse 
proportion  to  the  interval  of  isothermal  treatment,  in 
aocordanoe  with  equation  (3)»  and  the  decrease  in  rate, 
of  cc.rit:raction  is  practically  independent  of  pressure 
for  a  given  interval  t.  For  coarse  powders  contractio.n 
rate  also  falls  off  eontinuous.ly  with  time,  although 
more  slowly  than  the  fine  type,  and  contraction  rate 
does  increase  with  pressure* 

From  the  data  of  Fig*  3  we  may  calculate  the 
relationship  of  contraction  rate  to  pressvtre  during 
sintering.  For  example,  the  contraction  of  electrolyti- 
cally  fine  copper  (Fig.  3a)  from  ^/fi  =  61^  to  66.2)^  at 
4  hg/sq  cm  pressiure  took  174  mi.nutes,  but  at  8  kg/sq  cm 
it  needed  only  44  Dilnutes  to  reach  the  same  volumetric 
contraction.  Letting  ?  =  contraction  rate,  the  ratio 
of  contraction  rates  is' 

VgAi-^  (ht)A'(At)2  -  3*98 
whereas  the  pressure  ratio  Pg/p^  ~  2,  thus 

V^.Al  -('7) 

from  which,  after  subs titutirig  corresponding  values  of 
Vg,  ,  Pg  and  we  obtain  n  =  2  for  the  given  example. 
With  change  in  sintering  pressure  on  copper  powde.r-  from 
,  two  to  64  kg/sq  cm,  the  value  of  n  remained  effectively 
constant.  Values  of  n  for  the  different  powders  are 
given  In  Table  3,  which  shows  .n  varying  from  2  to  5, 

, If  ws  exclude  the  case  of  sintering  iron  at  a  heat 
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slightly  above  that  of  the  i»<  to  transformation,  then 
n  varies  from  2  to  3.9. 


gable  3 


Sintered  Material 

[■^aint» 

'  a 

Iron  ('to  90  micron) 

SCO. 

■2. 0-2. 4 

fl  l» 

960 

4 . 0—5 » 0 

"  (150-250  mlor. ; 

860  ■ 

2. 0-3.0 

M  It 

960 

■  3. 5-4. 5 

Nickel  carbonyl 

S50  ' 

2.9-3.? 

Slectrolytically 

700 

j 

2  n~2  ■> 

■  deposited  Cu 

6*  •  w  4»  e  -w 

From  reference  (c),  n  »  2  to  3.2;  from  the  data 
of  (a),  nnder  conditions  of  effective  sintering  at 
quasi-viscous  flow,  n  =  2.  Valuee  of  n  greater  than  2 
can  be  mostly  explained  es  due  to  a  more  appreciable 
grain  siae,  and  by  loss  of  activation  in  the  powder 
at  lower  pcessures,  where  a  longer  time  is  needed  tO' 
attain  a  given  degree  of  contraction. 

The  deviation  of  n  from  the  value  2  can  also 
be  explained  by  other  factors.  Contraction  of  the  pow¬ 
der,  as  noted  earlier,  occurs  not  only  because  of 


'  deformation  6\.t  Individual  contacts'*  but  also  froa  the 
relative  shifting  of  the  particles.  Tinder  increased 
pressures  the  ratio  of  these,  tvvo  effect©  alters  in 
favor  of  the  acre  rapid  one,  i.e,  particle  shifting^ 
due  to  which  fact  the  q,uaatity  n-can  be  larger  than  2 
The  contraction  rate  of  co'pper  and  nickel  pow¬ 
ders  is  inversely  proportional  to  treatraent  time  only 
at  sufficiently  iiigh' preas'ures  (see  Pig.  2,  Table  2)» 
At  pressures  below  8  kg/sc-  cm  for  copper  ov  16  kg/fsq 
for  -nickel,  the  powder  is  aotualli^-  sintered  under  a 
pressure  (p+PvJ^  vihere  p  ~  applied  pressure  and  p-^ 
is  capillary  preas'ore?  .  the  latter  may  only  be  neglec¬ 
ted  when  applied  pressiire  greatly  erciaeds  it.  With 
increase  in  coata.ot  sur-face  and  sin't'ering  time  the 
vai-us  of  Pi,.,  and  hence  of  (p+p-,..),  incx’eaaes.  Thus  in 
the  case  of  copper  and  nickel  (Pig.  2,  -Table  2)  when 
■p  is  less  than  3  and  16  kg/aq  eta  respectively,  the 
quen'tity  (p-t-Pj^)-  increases  xvith  sintering  time,  with 
the  rQS'ult  that  at  low  pr-^.ss-ares  there  is  a  slower 
dropoff  in  contraction  rate  than  et:  high  pressures. 

The  slower  decrease  in  contraction  rats  for 
coarse  powders  of  low  activity  (Fig.  2,  Table  2)  is 
i  explained  by  the  slower  drop  in  activity  of  these 


when  compared  to  the  fine  powders  at  a  given'  time. 
'.Regarding  the  high  -va-'i-aes  of  the  e.xpon©n't'  n  in 
eq.uation  (7),  the  eontractioh  rate  can  he  markedly- 
increased  In  sinteri'ng  .grain- filled  masaee  ench  as 
po.rouB  filters f  -under  pressure.  Ihua  if  n  =i-  3  or  4 
■and  Ikg/sq  cm,  as  for  coarse  pov/ders,  then  at  an 
applied  p  of  lOkg/eq,  cm  the  sintering  speed  goes  up 
10^"  times,  that  is,  "fciy  a  factor  of  10-^  o...-  10^,  Such 
increases  in  sintering  speed  are  readily  achievable 
in  practice. 

Conclusions; 

1,  Plastic  defonri.atio.n  plays  an  active 
pai't  in  the  first  t-wo  or  three  minutes 
of  press'ure  sintering. 

2,  Pressure  increases,  s’lntering  speed 
after  the  initial  minutes  by  the 
relation 

Y^/Vg  (p^/pp)^  where  n^  2. 

3,  The.  decrease  in  sintering  speed  of 
powd-ore,  especially  eo^a-’se  types,  is 
of  fast  by  a  reduci.ng  of  pru3gvre,  For 
dispersed  po-^/ders  under  high  enough 
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press'ar-es,  the  decrease  In  sintering 
c:peed  for  a  given  interval  is  practi¬ 
cally  independent  of  pressure. 

Pressure  effectively  increases  speed 
of  sintering  by  increasing  both  plastic 
deformation  and  rate  of  creep. 
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